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ABSTRACT

This study is undertaken to determine whether it is
possible to develop 2 realistic computerized mathematical mddel
for FM tactical radlios operating under the influence of enemy
Jamming.

A simplified model of the single channel communication
system with interference is developed. The various parameters
of this model which affect the quality of communications is
then discussed, Specifically, performance data for the VRC~12
radio for various signal-to-interference ratios is introduced
and a message quality indicator is developed for various
received friendly and jemming signal strengths.

‘Hext, mathematical relationships for signal propagation
over various terraiﬁ 18 introduced. The'épééitié communication
lings considere¢ Qere those for air-to-grduﬁd, line~of-sight
(xos), and si]gle and multiple obstacle péths. Consideration
was also given to the moisture content of the sgoil as this is
an important consideration at the frequencieﬁ involved in the
analysis. A compariéon is then nade between the path losses
predicted by the various mathematieal relationships and
actual fleld tests. It 1s shown that the developed expressions
produce realistic results., These tested signal propagation

relationships are then integrated with the VRC-12 radio'e
111
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performance under interference to produce the final compuxtglzed
model,

In addition t> the terrain between friendly transmitter
~ and receiver and enemy jammer and receivor,_aeveral other
variables are‘incorporated in the model. The additlonal
variables of the model include frequency, tr;nsmitter and
Jammer output power, antenna height and directivity and
Jammer location with relationship to the receiver antéhna.

The completed model explains various interrelationships
in thié type of communlication prbblen vwhile answering the
'wﬁat would happen if ...?" question. This is done without
actually constructing an operating system. |

The actual output of the computerized model tells
the user whether he has excellent, good, fair, poor or
unsuitabdle communicitibns for vaiious battlerield deployments,
By changing various characteristics of the probleﬁ, 1.6.4
antenna gain, power bﬁtpﬁt,:obstacle between jammer and
receiver, etc., & ﬁééhs'ofléhanging unsuitadble communications
to acceptable communications is dcvqloped.

In summary, the results of the analysis show that it
is possible to develop a realistic eomputeriéed'model for
tactical communications in a jamming enviromment, compﬁrisons
of the propagation portion of the model with actual field
tests show the results to be ﬁn accurate indication of "reale
world® conditiogé While the integration of actual equipment
~ performance under co=channel interference adds a réallsm}to
 the model which enhances its usefulness as a tiaining or

planning device,
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ZChapter I
INTRODUCTION -

Rapid and reliable comnunications are essential to

the commender of a modern, mobile military force. As a result

~“of 1ts flexibility. radic has traditionally been used to meet

the tactical commander's‘communication requirements., However,
some of the same charaeteristlcs of our tactical frequency
modulated (FH) radjos which make them 3o desireable also meke
them especially susceptible to intentional electronic
1nterfefence; Specifically, the use of pretuned channels and
the idlosyncrasies of frequeney modulation provide inherent

advantages to the eneﬁy Jammer when compared with amplitude

modulated (AH) compmunications. As a result of these 1tmitations,
’ it 18 of n-vtauunt 1mportance that the tactical communicator

understand the vuln-rabilitiee of his ™ equipment and how

best to use his radios 80 as to reduce the effectiveness of

enemy 1nterference.
BACKGROUND

During World War T amplitude modulated (AM) sets
furnished the only radio communications available to the

American Forces. It ¥as mot until just prior to World War II

that frequency modulated (™) sets were'developed.‘ Frequency

modulation proved to be far superior to amplitude modulation
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for the majority of the required army rsdic nets. The reliarce
on this means of communications has grown rapldly in the
intervening years until the Vietnam Conflict, during which
the U.S. Army relied extensively upon FM radios for tactical

communications,

During this same time period, Electronic Warfare (EW)
-gradually emerged as a threat to our M nets., The first use
of F{ radio jJamming was employed by the ﬁritish against Rommel's

Afrika Forps in North Africa in November of 1941.2 The British
v accomplished this by mounting a number of F¥ transmitters in
i their bombers. Each of these radios iere redesigned to transmit
random FM noise. By flylng over the German Tanks, the British
were able to cause effective disruption of thé eneny radio
communications until the German Pighters finally shot down
‘the jammer aircraft, |

During our most recent combat experience in Vietnam
there were ocoasional attempts by our rélatlvely ﬁnsophisticated
: enemy to interfere with our tactical rad;b communications.’
i However, virtually all of the enemy's sophiéticated EVW means

were located outside the Army's area of operationa ani were

i encountered mostly by the Alr Ferce and Favy in their sorties

over North Vietnan,

. However, the recent mid-east war has'ahown that
this may well not de the cass in any futurs ebﬁflict.4 The
BW threat to the Army's operations is 11231y»to be much greater
than it has been in the past. As a consequence., it is essential

that the Army move to improve its postur§ in this area.

L S S B L e 2 AR A S
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The bYasic characteristic of MM communication that makes
1% particularly vulnerable to enemy jauming is the threshold
effect of frequency modulation. This effect is graphically
displayed in figure t where an FM system 18 compared with thcse
systems referred to as bdeing 11near.5 What this 1llustrates
1s that FM systems require the carrier power to bte above the
nolse power in order to detect the tfansmitted signal, In
other words, unless the received signal exceeds a certain
signal level the dptected gignal 1s unusable, PX is therefore
essentially a "go" or “no go" system, while amplitude-modulated
systems are soft. Socft systems are those in which the signal=-
to-noise ratio 1mprqves grﬁdually in proportion to the cerrier,
This threahold effect consequently reduces ths jamming-
to-signai ratio that is réquired fo cdmplotely jam an ™ or
threshold éystem. This characteriutié'hae given rise to the
tern "FM Capture Effect"™ as the receiver output signal will
be dominated by the strongest alsndl once a oertain threshold

lis_exceeded.
SILIIKIIT OF THZ PROBLMM

Thie is the specific question which this study will
address «= 18 it possible to develop a computerized mathematical
model for PM tactical radios oporatinglunder the influence

of eneay jamming so as‘to optihtzo conmunications for

- particular battlefiold terrain and various equiﬁment configuration?

The completed model should do several things for

the cqmmnnlcation planner or student of Electronic darfare.
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It should explain the various interrelationships in this type
of communication problem while answering the “what would happen
if ...?" quastion. This would be dome without the requirement
for actually constructing ar operating communication systenm,
In addition, it should indicate what steps cculd be taken to

reduce the effectiveness of enemy jamming.
METROD OF INVESTIGATION

Figure 2 best illustrates the components cf the problem.
It shows in graphic form s model which represents a tactieal
radio oc:nunlcatlbn system under intentional jamming, The
frisndly M trapsmitter radiates a frequency modulated
electromagaeiic (™) wave of some predetermined power rating
from a suitadle antenna Iith a directivity determined by the
operator. Some of this xn wave, after experiencing a transniseion
loss dependent on distance and terrain, will be recelvod by
tiae intended receiver. The signal strength of this recoivéd
signal will also be a function of the gain of the receive
antenna used. In'additioﬁ'to the desired IM wave, the receiver
will pick up Jjemming aisna;s intentionally transmitted to
yrevent‘tho docircdhsignnl from bding receivedlin s useabic
condition. The ltrcngth of this 3unn1n3 aignal will be &
funotion of the jazmer ontput. antenna diroctivity, transaission
loss, distance and roceivo.antenna orientation, If the received
friendly signal is iurficiently larger than the Jammer signal,
the friendly roceivor will provide an intelligidle output,

It can be seen from this discussion that tho variabdbles
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7
of this problem are frequsncy, transmitter and jammer output
power, antenna cbnfiguration, tranemission loss as a function
of varioﬁs terrain configurations and distance, and the signai-
to-interference ratio as s function of intelligibdility. In
order to solfo the problem it will be necessary to develop

" the mathematics which relate these parameters and then compare

the results of the model with actual field teets.

_ As with'any theoretical model, it is important to make
some assumptions. The most basic to this problem is that the
enemy has determined what our transaission frequency is and
48 jamming our communication channel. This is a reasonabdble
aasunptlon as our radio'’s detent tuning prevents us from
detuning to discourage co=-channel 1nterte*enoe. |

' Another 1mportant assumption is that the transmitting

‘and recetving antennas are clear of all obstructions in the

' immediate site areas. This is important as obstructions

immediately adjacent to an antenna can seriously distert its

 radiation patterh‘and unnéceSsarily complicate the system
" ana;ysia.'In addition, it can be safely assumed that any good

communicator will locate for optimum performance,

The terrain over which the signals are analyzed is
assumed to be that of the central part of western Germany,
Not only 1s this an area in which the U.S. Army could experience
a future conflict, but there are no rugged mountains or '

extremely flat piains to aomplicate the ansalysis. It 1s 1#

fact typified by rolling farmland spotted with forested aroas.G

It is assuﬁed. for the'purpbae of the present model.‘fhat any
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ground reflections from trﬁnamittera within line-of-sight (10S)
wlll elther be frcm'a~rfeeh1y plowed field or a fileld with
a small crop. Thig neéatoa the importance of ground reflections
as 8 source of 1nterf§rence. Since there are no large w;tef
areas, these are neélected. In addition, the conditions are

assumed to be the Sunmer,'apring or fall so that no ice or

~—- snow will be involvad,

v Each eomput@d value of path loss will be considered

to be the median value for that particular path. The actual
received signal stréﬁgth varier with time because of changing
conditions in the media. However, short-term variations ara
not significant for the diatanceﬁ involved and may be
neglected.7 A

-Another lmportant assumption is the type of signal
used by <he Jjammer. A well known principle states that the
Jammer, to be most effective, must employ the same type of
signal and nodulatibn as the signal 1t intends to jam.e The
most effective jamming signal and the one which will be assumed
isa M signal_modﬁlatéd-with random audio noise.? Since random
noise has no perliodically recurring trequency, it cannot
be filtered out or otherwise e;iminated tityont also removing
the desired signsl, |

~ The effect of these assumptions is believed to be
sscond order and will not have a significant effect on the

model's accuracy.
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Chapter II
REVIEW OF RELATED LITERATURE

From the discussion in the previous chapter, it can

—- be seen that the model development can be eeparatcd into two

major components, Theae'are; the effects of terrain on'the
transmitted signal and the lnteraction of the received friendly
and Jammen signal af the receiver, Tnia chapter w¥ill review .
some of the more signtficant studies which have addreeaed these

two lajor areas of conccrn.
VERY HIGH mmmor (VHF) PROPAGATION STUDIES

Hany atudies have been conducted in an attempt to
predict the behavior of radio aignale when tranemitted over

~different terrain. The most significant studiee. as far as

™ tactical communicationc are concerned, were those concerned

with the very high frequency (vnr) range (BO-BOOMHz). One of

'the moat important lae the work nndertaken by Egli 10

In neny caees, auch as with mob&le communicationc

and other eyeteme involving movable eqnipment, one may not

knaw in adVance the nature of the terrain over which trananission

will be requested. In such situations. in!ormation concerning
the propagation loss association with a particular hill or
grove of trees is of little value in determining the amount
of attenuation which should be9 assumed in the docip ct the
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systen. Egli's approach to this type of problem was +o analyze
a large number of measurements involving propagaticn over a
great variety of terrain in order to determine the mean and
standard deviation of the distribution of the loasses which
ére attributable to terrain and other obstructions. This would

allow cne to predict the probability that various amomnts of

“attenuation would be encountered.

The results of the various measurements were then
expressed in terms of the percentage of locations at & specified
distance trom the transmitter at which the field atibngth can
be expected tovequal or exceed a specified value, For example,
if a five-mile circle with the tranémitter at the center 1s
divided into 100 equal parts, with each division represented
by & recelver location, 75 percent coverage would hean that
at 75 of the locations the median value of the field strength
1n the immediate vicinity would bde equal to or greater than
the speciriod value,

The prinary weakness with Bgli's method is that it

'is primarily sulted to the problem of estimating the attenuation

causod by irregular terraln when the system is to operate in
an unknown or iariablc environment, If, however, any information
concernlng the region in which the system is to operatc is
available, it must be considered in predicting path attenuation,
Otherwise, Egli s method would probabdly lead to unduly pessimistic
results, _

This same method has been used to report on the

effectiveness of one of the most widely used computer models

ey
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: for propogation over irregular terrain, the Longley and Rice

| mczdel."l This model is used to predict long-term median
transmission losses over irregular tcrrain and is intended
for use in the 20 to 40,000 MHz ranga and for distances of
up to 2,000 kilometers. Using this rather complicated model,

T transmission loss may be calculated toxj specific paths where
detalled profiles are available, but this prediction method
is particularly useful when little is known of the details
of terrain for actual paths, This analysis is facilitated

by classifying different types of terraln with a certain
terrain parameter which is used along with the carrier
frequency, path distance and transmitting and recelving antenna
" heights to predict the signal loss for the particular area

[P G4

of communication, ‘
‘Area pred:.ctions of trsnsmission loss over irregular

ey e seerians

terrain using the Longley and Rice model were compared with

) B
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 measurements made with low antennas in Colorado, Chlo, Virginis,
Wyoming, Idaho and Vashington”.w These tests showed excéllent

' agreement for over-the-horizon communications. However,

for known line-of-sight (L0S) and aingle-_hbrizon paths, the

predicted attenuation proved greé.ter than aétually observed.
i ' A review of these studies has shown that most computer

S R

models now in use 'are far more- complicated than required for
my analysis. In addition, I will be working with particular
terraln profiles such as a compuabcator could derive from .
- map é.naiyeia; As previously discussed, the models presently
in use are designed primarily for use in an area snaslysis

B T A

B Skt g
g
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: - using Egli's method of probability of coverage. Consequently,
e . I have decided to use the classical relstions for line-of=-sight
—— ; (LOS), plane-earth, free~space and single and multiple obstacle
J propagation loss. The development of these relationships and
their use will be discussed irn chapter 4, When these '
- relationships are used in conjunction with the simplifying
— ? —. assumptions of chapter 1, the result will be a model of
sufficient accuracy so as to realistically simulate actual

field conditione,

? '~ One of the most useful field tests for the purposse of
- testing the propagation portion of my communication model

T R LT S

was done in 1967 by the Institute for Environmental Research,!?

e v

The purpo3e of this report was to prssent tadulations of
transmission loss data resulting from propagation ‘experiments

~

P cver arbitrary terrain in the 20 to 100 MHz range. The three

i  terrain types over which the measurements were taken were the

"Colorado Plains, the Colcocrads Mountains and thg}Ohio Hills.

-

=
L
E

: ‘The data for these tests consists of terrain profiles,

1

~

" photographs, power levels, basic transmission lpaa. frequencias,

dﬁd antenna heightas for each of the propagation paths selected,

/"‘ e
- 1

4 anyy

FREQUENCY MODULATION (FM) INTERFERENCE RESBARCH

R

laboratory tests have been conducted at the U.S. Army

Proving Ground at Fort Huachua, Arizona to collect data on the
effects of BElectronic Counter-Measure (BCM) jamnlng on AM and
FX fype communication equipment in an attempt to develop a

i
b
L
E
%
E
3

model to predict the effects of jamming on various communication
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systems.14 By aﬁploylng a number of difterent Jamming levels,
a set of curves were daeveloped which graphically displayed
the ratio of thé Janmer to desired sigral levels versus a )
relative intalligidbility score. These results were then used
to predict what might be the performance of an idealized
communication receiver when a certain level of jamming and

~ friendly signal were prezent at its input terminals.

The major: fallings of this particular model ars due
to 1ts highly ldealized nature., As the model is presently
tdrnulatod, 1t‘repreaénte'several‘idéalised Jamming mechanisms
that might be utilized by friendly and enemy forces., How

adequately these mechanism represent actual Jamning equipments

ot a maeiie S oy s e e A S TS

can not be realistizally determined without knowledge of
specific communication equipments and their response to various
‘ .'1nputs.'In addition, such a model is of 1ittle use to the -
f tactical communicator without integrating 1t 1nto:one of the

T IR T

| previously discussed rropagation models.

i ; " 7o accurately display the degradation of friendly

: coﬁmﬁn;cations by an enemy jammer, some measure of communication
intelligibility must de used, Por'naﬁj years ths most popular
methdd:vaé to state the degradation factor in terms of a

; : more~than-normal delay in the message delivery time., However,

. most recent communication anaiysis'has beeg in terms of a »

ﬂ | signal-to-noise (S/¥) or a signal;to-intérterence (S/1) ratio
017 and an Articulatlon Index (AI).!5 The value of the AI is that

e

t
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 engineer from a Xnowledge of the power level of the received
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it is a numerical value which can be calculated by s communication
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desired signal and the recelived noise or interfe:ence. These
calculations then allow him to predict performance using the
krown relationszhips which exist between the AI rating and the
percent of intelligibility. AI ratings will be used in this
study to evaluate ths effectiveness of enemy jamming.

Laboratory tests have also besu conducted to investigate
thé on-channel capture effect in the Army's FM tactical radios.'é
These tests were undartaken with the intantion of studying
the interference effects of one U,S, Army FM radio upon another
whan operating on the same frequency. However, the results
of these unintentional interference tests are essentialiy the
same g8 wculd be obtained by employing intentional interference
(jamming) againast the Army's PM radios. The specific ECM jamming
that is duplicated is that referred to as "spot® jamming in
which the enemy cperstes only on one or two commugicaticnf
chanrels at any instant of time,

The actual laboratory tects required three radioc sets,
Two ldentical sets comprised the desired communication link
while a taird set acted as an interference source, The
interference set was modulated with an audio noise signal so
as to simulate the most destructive mode of interference to
volce communications.

The results of the FM on-channel capture effact tests
are presented in the form of curves of Al versus S/I for
each of the test links and interference -combinations. The
curves for the AN/VRCa12 series radios are of particular

significance to this study as they will used to predict the

AR e bty D ey et e e
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interaction of desired and Jamming signals at the receiver,

SUMMARY

48 a reviex of the related literature has shown, the
major contribution of the proposed model will be ss a realistic

simulation which integrates actual equipment performance

. - under jamming with realsitic but simplified signal propagation
relationehips, |
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PM CAPTURE BFFEOT

A8 previously mentloned in Chapter I, the basic
characteristic of ™ Communication that makes it particularly
vulnerable to enemy jamming 18 the threshold effect of freaquency
modulation., It is the purpose of this chapter to explain this

. characteristic and the rapid degradation of the desired signal

§ which occurs when that signelfs approached in relative strength

by any form of interference. Actual test results will then be

:E introduced and their significance in the model'development.explalned.
,% A real-world example that would be of assistance

in understanding the difference in performance between AM and ™
receivers 1s the case of a moblle receiver: travaiing.from one

transmitter toward another, all operating on the same freguerncy.

- e ¢ W <

dith AM transmitters and recelver, the performance of the

¥ receiver would be very straightforward. The nearer transmitter

-
PPN S

would always predominate, but the other one would be heard as
quite significant interference although it might be very distant.
The situation is far more interesting with M. While

S N ST,

the signal from the second transmitier l1s less than about half
of fhat from the first, the second transmitter is virtually

o

R P
L

inaudible, causing practically no interfersnce. After this

point, the transmitter towards which the receiver is moving becomes

quite audible as & background and eventually predominates,

AYPEICEIT I O Ay

finally excluding the first transmitter; the moving receiver

16 .
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has been “captured™ by the second transmitter, If a receiver

is betweern the two transmitters and fading conditione prevail,
first one signal, and then the other, will be the ltronger.
8o that the receiver will be captured alternatively by one

transnitter and then the other,
THECRY OF M CAPTURE

» In ny analysis‘of the PM "Capture™ effect I will treat
the 1nterrer1ng aignal as being a nolise signal with uniform
denaity across the comnunications channal. This 15 a 'eallutlc
assumption for ny purposes as this type of intertornnco or
Jamming ie the most destructive and most prodable type of
Jnmming that would be ueed ngainat M wolee.communica%ions.!7
The 1nput slgna; to tho tecolvcrl deﬁodulatbr -could then
be repreuonted S '

Y(t) = Xo(t) + n{t)

B Aeco{u.,h;a(t)]# rn(t)coa[ucu@(t)]
‘'Where A, and rp(t) repreaent the ggp;itude pf the received M
signal and noise envelope respoctiﬁciy ;ndgﬁ(i) andﬁf {(t) their
assoclated phnses. ﬂL is the carrier trcquency oxpressed 1n
radians per leeond.'e
‘ Lttor a little nnnipulation, y(t) can be written in
the form | ' '
- !(t) = r(t) co-[ U t Af(t)]

whare

¥ (t) = arctan "Ag Sing(t; + ts' (t)ﬂ% (t)
) ry .
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v ‘ O.g-slcally, Weé can expsti noise to modulate the

b3 carrier in both amplitude and phase, However, a demodulator
%'i usving perfect limiting will respond only to the latter and
will remove the envelope variations represented by r(t),

80 We are concerned only with the relative phase ‘P(t).
Specifically, the detected signal is proportional to the time

Al b

derivative of ' (+),

In view of the complexity of q’(t) as shown above,
i1t is helpful to make some simplifylng approximations. Let
us therefore assume that the signal is either very large or
very small compared to the noise, such that A.D>rn or Aedlry.
This is the same as saylng that the predetection signal-to-noise

. TN I v S RPN
AR < 7 ;
. - WA - sere - o

ratio, (;Jr, is much greater or much less than one. The phasor
rerresentations of these signals can be illustrated as showr
in Mgure 5.‘9 From thege illustrations the following approximations

can be made: -

Y P 2) e mtlenf(t)  for §r710a)
.th;)x ¢nm-1: SIn@(t)  for (8)y<<1(30)

where

‘,(P(t) = @ (1) - Pe).

, An examination of the adove equttionq reveals that the
Iofhing term is the phase of the dominant component alone,

vﬁcthor signal or polse, This bdecomes particularly important
'fh the case where the nolse doninates.vx'c;roful examination

fof eqn. Bb reveals that the messags appears 6n1y as & part of
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81n.99(t), which also includes ¢6n(t) and in turn is multiplied

by the random variable 1/in(t). This means the message 1s
mutilated by noise and cannot be recovered, The taaulting
"threshold effect™ was graphically displayed in figure 1.

| Equation 3b was approximated by assuming that (S/N}e<&K'1.
However, significant mutilation begins to occur when (S/N)p 21,
for then Lc2g9 rna, and the signal and noise phasors are of equal
length. If they are also of nearly opposite phase [aﬁg(t)=—‘¢5(t)] 0
the resultant is quite small, and a small change in the phase
aitterence P (t)= (B(t) yields a large phase deviation of the
resultant, as diagramed in figure 4,20 25 the condition ¢n(t)=- ¢(t)
comes and goes intermittently, the output changes in a sporadic

fashica from signal to cracklinge.
Although the above discussion might leave the impression

that capture effect is the sudden take-over of the stronger signal
in ™ receivers, this is not the case. Capture by an interfering
signal is in fact a gradual degradation of the received Signal-
to-noise ratio until Giém 1 1s reached. Because of this a check
will de made early in the analyaie of the friendly transmitter
to receiver link to insure that eia,:z 124B. In thlis case the noise
present would only be that due to background and internal recelver
noise. The value 12dB has been determined to be a'iignal-to?noise
ratio which 1s required by ™ receivera to ensure negligibdble
mutilation of the desired signal at the output. 2t

If a check by the computer program reveals that the
received signal-to-noise ratio is appreciasbly less than 12dB even
without Jjamming, the program analysis will cease as We obviously

have designed a poor communications link,.
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™ CAPTURE TEST RESULTS
In chapter two it was mentioned that unclassified
interference tests had been conducted by the Army on its FM
radlos.22 The results of these tests are particularly significanc

|

{ ~>; 11 the development of th;s model as they offer actual equipment
! ; performance when subjected to cO~-channel interference by a

]

transmitter whose carrier 1s modulated by audio noise, this is
o "directly analogous tc an enemy Jammer employing the most
;1 : " effective form of “spot™ jamming against FM voice. By integrating
a é - these laboratory tests into an accurate propagation model, the
‘%l” % reﬁult will be a model which will accurately predict the

;g | performance of FM communications under noise jamming.

e i E | ' Pigure 5 shows a plot of the performance of the AN/VRC-12
' ' ; radio set when subjected to interference from another AN/VRC-12
e : radlio whose carrler is modulated by audio noise.23 The results
*:% ! ‘ ére presented as a plof of the articulation index versus the

§ signal-to-interference ratio in decibels. During the laboratory

tests it was assumed that "capture" by an interfering signal

 ENRY YT

could dbe considered to have occurréd when the ratio of desired

signal strength to 1nterfer1ng signal strength resulted

; ; . in a. onrrespondlng articulation index (AI) less than or equal to
R % - 0.7 measured at the output of the test 1link receiver.24 An

ﬁ; é " examination of figure 5 will reveal the justification for

such an assumption. It ean be seen that the articulation index

;} : deteriorates rapidly with only a relatively small drop in

the signal-to-interference ratio. This illustrates that whlle total
capture 1s a Zradual process, it still occurs relatively

rapidly once the signal-to-interference ratiovdropa be1ow about

. : ’ E : R N A
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: U . . 7 L .




O b tat il |

22

PP RSS2 S e RRL Ll e

) A P ALy s 3 o o i T S e

B N

B R R R R

PRSPy TR PINe T o il

e

PrepTiew s

A-ticulation
Indef(él)

[
'
1
i
!
!
'
|
i

- amr Gan s am Mm@y wH wem e Wme e e bwme )

b > o = @ - -

1\
18

16

12 14

Signal=to-Interference Ratio S/I(dB)

Pigure 5. AI versus S/I for AN/VRC-12

10

4«

i GOR A fye gD B R Ak Rl b S8 Tes

O.E"

. - R
o .,L.vng Lo
©
\

'3

——




et e e AT

T TN GG B AVETAETIP e VRALI Fn AT ar T ST 1t 8 AR S T XY e A My n Besn 1 e 1 op T L garoan OB S L IR WP 8 e o A 4 1A R T

e e 4 e W R o ATt T

23
2.5dB. Thls deterioration continues until S/I=04B which 1s equivalent

to the previously discussed predetection signal~to-noise ratio
(S/N)p when it 1s equal to unity. At this point the communication
link can be considered to be worthless, )
" Before usling the test results in the computer model
it is necessary to relate the sigraleto~-jammer (S/J) ratio to
_some measure of communication link quality more useful than the
articulation index (AI). Such a parameter is the intelligibility
{(I) of the received signal. The relationship between the articulation
index and intelligibility for the AN/VRC-12 radio set is shown
- in figure 6.25 By combining figures 5 and 6 one obtains the
result shown in flgure 7 where the intelligidility is plotted
versus the signale~toe-interference r.“io, 1he extremes of useful
" intelliglbility extend from 40% upward. Any communication link
: with a S/I such that I is less than 40% can be considered 1noper§bleo
% _ For intelligibility‘levels higher tkhan this, the link 1s consldefed
: to be operable, but the message transmission time is increased
th allow for the repetition necessary to ral:: intelligidbllity
té‘a eatisfactbry level." Intelligibility of 90» or greater can
be treated as original message length while an I of 40% would
réquire repetition of the transmission 4 or 5 times to ensure correct
reécption of the messase.26 |
. E A In en attempt to make the scoring of the communication
link's quality more meaningfui to the tactical commandér and
tMe@hmMommmr,mémuuQHHNynQQMSMM»
divided into a 5- interval scale. The 5 intervals were selected

on a purely rational basis. Their designations and the related

approximate message repetitions require. to insure meséage’

oy
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reception ave as follows 27

Excellent 1

™

Good 1 - 13
Fair 1% - 2%
T Poor 2t - 4%

RS I Unsulitable greater than 4%

B vt i Lt

These intervals will be emplcyed in the computer

RE!

model to infora the user of the quality of the proposed

communication link once the related signal-to-interference ratio
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CHipter IV
MODEL DEVEZOPMENT

In chapter three the relationship between the received
siznal and intelligibility was developed. If is now necessary

tc develop the relationships‘for the remainder of the system
1llustrated previously in figure 2. The‘most critical component

of the actual communication 1imk are the equations for signal

S
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H
o
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loss over different types of terrain. In this chapter various .
equations will be developed to express propagation losses for

varlous terrain configurations. These equations will then be 1ntegrated
into the entire- system 80.a value for the friendly sig:al

and jamming signal at the receiver can be calculated.
VHF COMMUNICATIONS

' Verj High Frequencies (VHF) cover the frequency
range from 30 to 300 MHz. The portion of this band that we will
be concerned with for military FM communications is limited to

th: 30 tc 80 MHz range. For this range we will be concerned only
U With ground-wave propagation as VHF waves are not reflected

~-from the 1onoéphere.

~
e

N e
v,
WENTTANINE: X

The ground wave is made up of two components; a
ko sur‘ice Wave that follows the contours of the earth and

! ,1%{ a space wave that moves through the atmosphere elther directly

27
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by reflection from the ground obstacles, or by refraction and 28

diffraction occuring within a few miles of the earth's surface.28

For radio frequencies above approximately 20 MHz, the surface

wave portion of the ground wave attenuates rapidly; becoming negligible
3T a few hundred feet for a frequency of 30 MHz. Successful
iransmicsion therefore depends on a propagation of the space wave
between the transmitting and receiving antennas. It is this
spacU“wave‘that is 80 greatly attenuated by obstacles, either

natural or manmmda,
COMMUNICATION LINKS

The signal powver, S, at the received end of a
communication link will be conslderadbly affected by propegution
conditions and the uncertainties introduced oy natural and
human elements in the cperation of the link, The exact form of
the signal power equation can be assumed to obey the equation329

S(dB) = P + Gyq + Gyp = L(d) (1)
where P = transmitter power in declbels ‘

' Gyy, Gyp = the tranemitter and recaiver antemna gains
in db, respectively
L = the signal path loss in db which 1s primarily a
function of the path length, d, in kms,.

In general, all these parameters may be variable., Propagation
conditions will slvways introduce uncertalnties in L, and the
antenna gain factors Gy, Gyp, and ¥ are a funetion of the antenna

configurations and transmitter power output respectively.

RO
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The decibel (db) is the preferred unit for expressing

L FE TP RIS TR

power.in communication analysis tecause it is logarthmic,

ayrany

Two values can be multiplied or divided by adding or subtrgctlng
their logarithms. Since amplification and attenuation &are
multiplication and division processes, the decidel provides

a handy means of expressing changes of power by simple

‘addition and subtraction. |
For example, if a signal is transmitted at a certaln

power and is received at 1/1,000 = 10=7 that power, it has
guffered a 30 dB loss (= 10 logig 10™>). If this reduced
signal 1s transmlitted agsln and undergoes similar attenustion,
the final signal is 1/1,000,000 = 10’6 its original strength
(1/1,000 X 1/1,000), It is simpler to add 30 4B and 30 dB to

. get 60 4B as the total attenuation of the signal,

e — it A AL S8 178 WO Ay 8 A 1 N

>
e o A Sy S

SRt It 1s inevitable that the signal expressed in equation

—

_,
.Sl e

1 will deteriorate during the process_of»transmission and
reception as a resultbaf some distortion in thg system such
; é ~ as jamming or because of the introduction of noise; which is
fg L :unuanted;energy. uaual;y of a random character, present in !
o - transmission, due tdiany cause. Since noise will be received
together with thé signal, it obviously places a limitation
‘on the transmissidn system as a whole; in a severe case, it
{‘_ .:5 ) ~ may mask a given signal to such as extent that the signal
' o i AR begamee unintelligib}e and therefore useless. The signal-to-
noise ratio (S,/N) expresses the ratio, in decibels, of signsal
g S .poyef to total noise power in a channel and is consequently
;; ‘;‘an indicator of received signal quality. In chapter 3 1£ was
i ' pstated that high quality P voice communications are assumed

i
i
i
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to require a eignal-to-noise¢ ratio of about 12 dB. It is
therefore important that some means of calculating background
noise be introduced.

The noise preseat at a recelver when no intentione?
interference 1s present 1s a function of environmental noise
and internal receiver noise. The equations for computing these
noise values are as follows:30

Ny = Xkt BrPy = internal receiver nolse

Ny = ktoBpPg = environmental noise (2)

N=Ng ¢ N = equivalent receiver input noise
where Fr = receiver noise figure (= 15 4B for mobile vehicular

VHP)
Py = environmental noise figure (= 20 dB for Central
Burope suburtan noise)
X = Boltzman's constant = 1,38 X,10’23 joules/’k
t, = reference temperature = 290°K
‘B = receiver banswidth (= 32 KHs for military FM),
"Making the computations indicated 1n equations 2
reveals an eguivalent receiver input noise for Central Europe
of -128dB.’00nsequent1y, the computer model will check each
communications link befo:e jamming to ensure the recelived
signal at the receiver irput is a least -116 4B (= 12 dB -
128 dB). This will ensure that an operational communications
link 1s being analyzed. The ability to make thig check will

alsoc give the model the adility to plan the coverage of FM volce

communications when ﬁo Janming is present.
During the jamming analysis, the equivalent receiver

input noise (X) is neglected as N is seldom as large as the
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Jamming signal (Jj. The model computer program will use the

8/J ratio with the data from figure 7 to determine the quality
of the communications link. If X was appreciable compared to
either J or S, then the S/J ratio should dbe modified to a
S/(J+N) ratio.

PROPAGATIOK LOSS

Prea Space Path Loss
7 § tree'spaco transmission path is a straight - line

path in an 1deal atmosphers, As no interference or obstacles
ére present, the relationship dbetween transmitted and received

power may simply be stated g8t

- a . )
Pr -%2 Py | (3)

where P, = recelved pover in watts

Py = tranqmltted power in watts
8¢ and gy = the respective directivity gains (in
‘terms of power ratios) of the transmit and receive
antennas with_roapqcf‘to an antennsa radlating o
uniformily in all directions
A = the wavelength in km _
4 = the separation between nntenngs in k.
By aubstltuting the relationahiy_ﬁgtwecn wavelength
and frequency ( A\ = 300/¢(MHz)) into oqﬁation 3 and simplify-
1ng_the results we odtain the relationshipt |
= (41,87 ag)? ,

, r &t¢6r

The expression for free space path loss 1s then:
L = 20 logyg (41.87 df) - (5)
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where f is the frequency in MHz, € ‘ - I 32
- Equation S will be used in the model to determine
path loss when either the friendly transamitter or jarmer are

alirborne and the receliver is on the ground,

Plane Earth Path loss

The theoretical received power for transmission over

plane earth is given approximately by the relationship:32
Pr = 8,8 2 Py (6)
r stl“(hﬁbxl‘

where P., Py, gts 8y and d are as defined for equation 3.
hy, by = the transmit and receive antenna heights in
kilometers,
The expression for plane earth path loss can then be computed
from the formula ,
L =20 logyg 4%/bthp - (7)
The equation given above is limited to transmission
over water and flat, barren land. In ndditioﬁ it is independent
of the particular frequency of operation. A form of this
equation has been adapted by Egll in his work to predict losses
for mobile communications when little is known about specific
terrain obstacles and an estimate of ares coverage of a radio
signal is roquirod.33 Unfortunately, comparisons with actual
terrain losses showed eqn. 7 to de unduly pessimistic in its
prodictiona.>!he actual comparisous between predicted and aeca~
sured losses will be given in chapter 6.
A more accurate equation for field strength calculationg
over smooth ground takes into consideration the moisture content

of the s0il near the antennas. Por a smooth ground path, tho,.

e v S s
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influence of the ground odnstahts on fieldbstrongth is 35

determinec by the value of the effective dielectric constant
( € ) which is determined mainly by the Wwater content of the
ground.34

For vertically polarized VHF ground wave propagation
at low helghts, the equation for the total rec@ived field
strength as & tunction of grouad moisture 18135

5 _LQ_PA;_. A o Eolie se_l_(__b.t_) j’ _ée-_:_(awhr) (8)

‘In order to calculate an expression for path loss

from this expressionjit is first necessary to determine the
power (Pr) at the input to the receiver. Consequently, a
reiaiion is hocdedubefwoen the field-intensity at the receivers
antonna'and'thc poier into the receifcr. The Poynting relation

bctveen the field 1ntena1ty B, and powar ?r is »
32 _‘..B.Q__";E Pp ' ' ' (9)

where E, 1s in volts per meter, Pp is in wutts.35 By comMning

equation 8 and 9 the expresalon tor p;th losu over smooth

- aarth is derived:

x..-tomg,(-,[“""“‘“5‘e e (!1-432(-15—,_-)'1{? )(|+437(£1‘-)h°‘ £ ") (10)
where € = relative dielectric constant
£ = frequency in MHz _ :
d = separation between antonnasvln km
hgy By = transmmit and receive antenna heights in k;.
The values for the relative dielectric constant for f

- ground conditions in central Germany have been found to vary:

from 4.for very drylégrth to 30 for wet ground with a medlan
value of 13,57 This range of values aloag with equation {0 |
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will be used in the model to calculate propagation losses
for flat earth communication’ 1links.

Obetacle Path Loss

Bgli 8 statictical approach38 for determining propaga~-
tion lose 1s appropriate for situations in which the actual
terrain is unknown and an axerage- terrain must be assumed.
However, in my #nslysis the profiles are known or may be
extracted from a map analysis. Theréfore, propagation losses
may be estimated fdr the particular terrain in the communication
path. ‘

Obviously, the equations previously introduced for
air-to-ground and line-of-sight (LOS) communications are not
sufficient to cover all possible terrain conditions that could
occur.kr;ﬁ additional terrain categories are shown in figure
8, the s;ngle-obstgcle path (SOP) and the multiple-obstacle
path (HOP).‘The single-obgtacle path 1s a terraln obstacle
B0 situatéd that a LOS path exists from a single obstacle to
each terminal, as shown in figure 8a. In the case of a multiple~
obstacle path, more than one terrain obstacle exists such that
no LOS path exists from any single obstacles to both terminals,
as shown in figure 8b. |

The basic general equation to compute propagation
losses for these terraln profiles is 39
L = Cp+Fy (H/d)+P2(H/d)2+0o24C310g2+04a4C5a2 ‘ (11)
where L = pathyloss (attenuation in d4B)

d = total path length, in kilometers
H = maximum obstacle height in kilometers above a line
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36
Joining the path terminals ‘

f = operating frequency in megacycles per second.

The C's are constants and the P's indicate functions., The spece

ific equations for the non - L0OS paths are:

SOP:
g ‘:E - L = 46,2 + 1070 (H/d) - 7500 (H/4)2 + 0.00268 (f) + 28.34X
. féi — log (£) + 0.879 (d) - 0.00378 (4)2 (12)
i'/}ffii 7 MOPs
'.' ;/; L = 119.9 + 287 (H/d) - 11000 (H/d)2 + 0,00425 (f) +
I 14,98 1og(£) + 0,541 (d) = 00015942 (13)
- E Equations 12 aﬁd 13 are for obstructed paths when

relatively ideal local-site conditions exist at both path
terminals. Such conditlions exist when transmitting and
recelving antehnas are clear of all obstructions in the immed=-
iate site areas. These 2quations will dbe used in the model for
any communication link where one or more obstacles exist,
Profiles representing terrain configuration paths for
West German terrain were drawn and classified according to’
whether the paths were LOS, SOP, or MOP.%0 In a sample of 128
profiles, 27 were LOS, 53 SOP and 48 MOP, For a somewhat
larger sample, it was found that approximately one-=third of
the siggle-obstacle and multiple -obstacle paths had obstacles
between 20 and 40 meters high. Approximately one-third of the
multiple?obstacle paths had obstacle heights greater than 60
meters,.while no single~obstacle paths were found to fall into

this category.
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EQUIPMENT CONSIDERATIONS

tennas

In order to couple the ocutput of a radio transmitier

to space, it ie neces:ary in each case to use some type of
structure capnble of radiating electromagnetic waves or receive
ing them; as the case may be. An antenna is such a structure
and nayvbe described an_a metallic object, often a wire or =
collection.ot wires, used to convert high-frequency curreat into
electromagnetic waves which then travel and behave as described
by the equations in the preceding sections, and are finakly
Picked up by the receiver antenna. Apart from their different
functione. trensmitting and receiving antennae behave 1denticall)
Since all prectical entennas concentrate their radia-
tion in eome direction, to a greater or lesser extent, the
power“dcnsity:in those directionsvis greater than 1t would
have Seen hnd’tne nntenna not concentrated its radiation in
this manner. Accordingly, antennas may be said to have gain,
The tera most frequently used with respect to an anteane's gain
is ‘directive gein'- v

) Directive gain. in a particular direction, is the

ratio of the power density radiated in that direction by the
entenna to the power density that would be radiated by an
ieotropic entenna.M An ieotropic antenns 1s an antenna thati
cannot exist in practice. but since its radiation pattern is'
perfectly omni-directional. or sphericai, its properties are
very easy tonvisuelize, calcnlate,pand‘use_ror rercrencc. To

compare the antenna to be tested with an isotrcpic antemna,
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both power densitles are measured zt the same distance, and
toth antennas must be assumed to radiate the same total power,

While directive gain refers to any particular direction,
the direction of the maximum directive gain is usually that
which concerns us most. The correct name for maximum directive
gailn 1s directivity and refers to the gain in the direction
of the major lobe of the radiation pattern.42

The importance of antenna éaln to communication
links is that it increases the effective'power of a transmission
Just as surely as does amplifier galn., A distant observer
located along the main beam would receive as much siénal power
from an antenna with 2 gain of 30 dB, radiating 1 watt, as.he
would from an isotroplic radiator at the same distance with an
output of 1,000 watts. The effectiveness of the trﬁnsmission
‘is similarly increased by the gain of the receiving antenna.

‘This ability of a directional antemna to increase the

- effectiveness of transmission is not only important for the

improvement of communications but can also b<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>